Most of the DNA-based methods for genetic typing of Staphylococcus aureus strains generate complex banding patterns. Therefore, we have developed a binary typing procedure involving strain-differentiating DNA probes which were generated on the basis of randomly amplified polymorphic DNA (RAPD) analysis. We present and validate the usefulness of 15 DNA probes, according to generally accepted performance criteria for molecular typing systems. RAPD analysis with multiple primers was performed on 376 S. aureus strains of which 97% were methicillin resistant (MRSA). Among the 1,128 RAPD patterns generated, 66 were selected which identified 124 unique DNA fragments. From these amplicons, only 12% turned out to be useful for isolate-specific binary typing. The nature of the RAPD-generated DNA fragments was investigated by partial DNA sequence analysis. Several homologies with known S. aureus sequences and with genes from other species were discovered; however, 87% of the probe sequences are of previously unknown origin. The locations of most of the DNA probes on the chromosome of S. aureus NCTC 8325 were determined by hybridization. Seven fragments were randomly dispersed along the genome, five were clustered within the 2500-to 2600-kb position of the genome, and the remaining four did not recognize complementary sequences in S. aureus NCTC 8325. A total of 103 S. aureus strains (69% MRSA) were used for the validation of the binary typing technique. The 15 DNA probes provided stable epidemiological markers, both in vitro (type consistency after serial passages on culture media) and in vivo (comparison of sequential isolates recovered from cases of persistent colonization). The discriminatory power of binary typing (D ‫؍‬ 0.998) exceeded that of pulsed-field gel electrophoresis (D ‫؍‬ 0.966) and RAPD analysis (D ‫؍‬ 0.949). Reproducibility, measured by analyzing multiple strains belonging to a multitude of different epidemiological clusters, was comparable to that of other genotyping techniques used. Contribution of the DNA probes to the discriminatory power of the system was analyzed by comparison of dendrograms. This study demonstrates that binary typing is a robust tool for the genetic typing of S. aureus isolates.
dye-terminator chemistry by using a 373 DNA sequencing system (Perkin-Elmer, Foster City, Calif.). The insert sequences were compared with all entries in the data bank of the National Center for Biotechnology Information (NCBI) and were analyzed for nucleotide and protein sequence similarities with Basic Local Alignment Search Tool (BLASTN and BLASTP, respectively [2] ).
(ii) Implementation of the binary typing system. Labeling, hybridization, and detection of the cloned DNA fragments were performed with enhanced chemiluminescence (ECL) direct labeling and detection systems, according to the manufacturer's protocols (Amersham Life Science, Buckinghamshire, United Kingdom), in order to use them as probes. The hybridization characteristics of the DNA probes were defined by prescreening these probes on a Southern blot containing 14 genetically unrelated staphylococcal strains (Table 1, collection 7) . DNA probes displaying differential hybridization were added to the binary typing system. Hybridization of the 15 different DNA probes was scored with a 1 or a 0 according to the presence or absence of the hybridization signal, respectively, and the resulting binary code was transformed into a decimal number. This number is further represented as the binary type.
RAPD analysis. RAPD analysis was carried out essentially as described before (37) . Fingerprints were scored visually in which a single band difference defined a novel RAPD type. The three-letter codes are based on ERIC-2, AP-1, and AP-7 priming (45) and can only be compared within each group and not across the different groups of organisms represented in Tables 3, 4 , and 5.
PFGE. Restriction with SmaI (Boehringer, Mannheim, Germany) of genomic staphylococcal DNA and subsequent separation of the DNA macrorestriction fragments was performed by contour-clamped homogeneous electric field (CHEF) PFGE as described before (39) . Macrorestriction profiles were interpreted as described by Tenover et al. (36) , and each pattern is presented as a roman letter.
Mec-A-Tn554 probe typing. Genomic staphylococcal DNA was digested with ClaI endonuclease (Pharmacia Biotech, Roosendaal, The Netherlands) according to the manufacturer's instructions. Generation of target-specific probes and hybridization was done as described before (20) .
Coagulase gene PCR. Coagulase gene polymorphism was determined by PCR as described previously (32) . The amplified part of the coagulase gene was digested with the restriction endonuclease AluI (Boehringer) according to the manufacturer's protocol. Restriction fragment length polymorphism (RFLP) patterns were visually interpreted and indexed by roman lettering.
PCR analysis of the mec regulator genes mecI and mecR1. PCR was performed as described before (34) . Three sets of specific primers were used to amplify the different regions of the mec regulator genes, i.e., mecI and the 5Ј end (transmembrane part) and the 3Ј end (penicillin-binding part) of mecR1.
cna probe. The presence or absence of the S. aureus collagen adhesin (cna) was used as an additional genotypic marker for the differentiation of S. aureus strains. Probing was performed essentially as described by Smeltzer et al. (31) . spa gene. Staphylococcal protein A (Spa) gene polymorphism was determined by PCR as described previously (11) . The so-called X region, a repetitive part within the gene, was amplified, and subsequently, the amplicon was digested with the restriction endonuclease RsaI (Boehringer), resulting in two fragments composed of 214 and 35 bases and a third fragment containing the repetitive DNA. The number of 24-bp repeats was calculated by comparison with a 100-bp molecular weight marker (Pharmacia Biotech).
Phage typing. Phage typing was performed at the Dutch National Institute of Public Health and the Environment by using the international set of typing phages and a set of typical Dutch phages (28, 47) . Different phage patterns were given different type designations.
Ribotyping. Conventional ribotyping with EcoRI was performed by methods described previously (13) . Restriction fragments were Southern blotted onto Hybond N ϩ membranes (Amersham) (30) , and the S. aureus 16S rRNA gene, amplified by PCR, was used as a probe. Hybridization was detected by using an ECL kit (Amersham). (30) . Probing with the 15 strain-specific DNA fragments was done as described above under "Binary typing." Statistical analysis. The discriminatory power of binary typing and other genotyping formats used in this study, defined as the average probability that different genotypes will be assigned to two unrelated strains in the population of a given genus, was calculated by using the formula of the Simpson index of diversity as explained by Hunter and Gaston (17, 18) . The contribution of the DNA probes to the discriminatory power of the binary typing system was analyzed by cluster analysis and comparison of the dendrograms. First, all of the probes (n ϭ 15) were used to characterize 40 unique (Table 1 , collections 6 and 7) and 10 outbreak clusters (Table 1, collection 10) of S. aureus strains. The percentages of similarity of the hybridization patterns were calculated with Dice coefficient and with unweighted pair group mathematical analysis to display relatedness hierarchies among the strains. Subsequently, the procedure was repeated after discarding the DNA probe that had the lowest level of discrimination.
RESULTS
Selection of the strain-specific DNA probes. RAPD analysis with multiple primers was performed on 376 S. aureus strains ( Table 1 , collections 1 through 5) of which 97% were methicillin-resistant. One hundred and twenty-four amplicons were selected from 66 RAPD patterns. Overall, 98 DNA fragments (79%) were successfully cloned, and from those a total number of 17 clones displayed a strain-specific character after hybridization with EcoRI-digested DNA from the 14 epidemiologically unrelated S. aureus strains (Table 1, collection 7 [38% MRSA]). However, 3 of the 17 clones shared the same DNA sequence, and two of these were consequently discarded. The remaining 80 fragments hybridized with DNA of all strains either at single (n ϭ 42) or multiple sites (n ϭ 14) or recognized the digested DNA from their source strain (n ϭ 24) only.
The latter fragments were not included since these fragments did not contribute significantly to the discriminatory power of the system.
Characterization of the DNA probes. The origin and the nature of the 15 RAPD-generated DNA probes are outlined in Table 2 . Sequence data were obtained from both termini (M13 and T7), and the DNA sequences were analyzed separately for homology by using the BLAST program with the nucleotide and protein sequence data bank, including the unfinished microbial genomes data bank (NCBI). A large proportion of these sequences did not match with known DNA elements (87%) for the nucleotide sequence data bank and 80% for the protein data bank). Probe AW-3 (M13 terminus) appeared to have a low score (BLAST score of 36) with the gene product encoded by hrmA of Nostoc sp. in the protein sequence database. Probe AW-4 (both termini) displayed a high score (1571) with the S. aureus multiresistance plasmid pSH6 for insertion sequences IS256 and IS257 in the search of the nucleotide sequence data bank and a high score (593) with IS257 transposase in the search of the protein sequence data bank. The M13 terminus of probe AW-5 displayed a low homology score (89) with the lysostaphin precursor of Staphylococcus simulans. Finally, probe AW-8 (both termini) appeared to have a high level of similarity (BLAST score 573) with the yqeV gene, a hypothetical protein, and part of the polycystronic locus of the Bacillus subtilis dnaK operon.
The locations of the strain-specific DNA probes were determined on the physical map of the S. aureus NCTC 8325 genome ( Fig. 1 ) and on the restriction fragments of S. aureus NCTC 8325-4. Four of the 15 DNA probes (AW-1, AW-2, AW-4, and AW-7) failed to hybridize to either of the two staphylococcal genomes. Five probes (AW-6, AW-10, AW-12, AW-13, and AW-14) were found to be physically clustered in the same DNA region (position 2500 to 2600 kb), while the remaining seven probes were found to be scattered on the physical map of S. aureus NCTC 8325.
Stability experiments. The in vivo stability of the binary typing system was assessed by testing sequential isolates of S. aureus from five individuals who were previously classified as being persistent nasal carriers (Table 1 , collection 8) (43) . The 15 DNA probes uniformly and correctly identified each of the two S. aureus strains isolated from five persistent nasal carriers in 1988 and 1995, respectively, in accordance with the other genotyping techniques (Table 3 ). Moreover, we tested the in vitro stability of the DNA probes by serial passage (50ϫ) of strains Ia and Va (Table 1, collection 9 ). Again, all descendent isolates were shown to be identical, i.e., their binary types did not change with serial passages (data not shown).
Discriminatory power. We compared the discriminatory power of our binary typing system with that of generally accepted typing systems included PFGE, RAPD analysis, and mecA-Tn554 probing. Comparative analysis of the discriminatory power of these genotyping systems is displayed in Table 4 and is expressed by the Simpson index of diversity (D). RFLP analysis of the mecA gene and Tn554 generated 11 unique patterns from the 40 epidemiologically unrelated strains (Table 1, collections 6 and 7) and had the lowest score (D ϭ 0.848). Due to the absence of the mecA gene, the typing data of the MSSA strains were deleted for the D value determination. PFGE and RAPD analysis differentiated the collection into 25 and 19 subtypes with D values of 0.966 and 0.949, respectively. However, the binary typing system distinguished 38 unique genotypes and had a D score of 0.998. Only two binary types, 31969 and 31647, were each found twice in the collection. Type 31647 was found to be identical by PFGE, RAPD analysis, and mecA gene polymorphism, but one strain (SB-13) lacked Tn554. Types 31969 and 31647 reportedly also share a single phage type (35) . Strains K2-21 and SA-08 share binary type 31969 but clearly differed by the other genotyping systems (Table 4) . It has to be emphasized that a common clonal origin for some of the (even epidemiologically unrelated) strains described in the present communication cannot be fully excluded.
Reproducibility. In order to test the reproducibility of our binary typing system, we tested 10 different clusters of epidemiologically related S. aureus strains (four to five strains per outbreak; four MSSA and six MRSA clusters). A representative illustration of the binary typing hybridization results is outlined in Fig. 2 . The genetic relatedness of the strains within a cluster was primarily defined on the basis of epidemiological data and possession of identical phage types within the cluster. The reproducibility of the binary typing technique was calculated as the number of isolates correctly assigned to the same type within a cluster divided by the total number of strains tested. Overall, 45 of 49 (92%) strains were correctly typed, i.e., 30 of 30 MRSA and 15 of 19 MSSA strains (Table 5) . Interestingly, the nonconcordant MSSA strains also showed genetic variation by one or more of the other genotyping systems applied to the same set of strains. Thus, binary typing is similarly sensitive to such variation in the genome of S. aureus.
The contribution of the DNA probes to the discriminatory power of the system was analyzed by comparison of the dendrograms. Increasing subtraction of the distinct DNA probes reduced the resolution of the binary typing system among the genotypic results of the unique S. aureus strains (Fig. 3a) . A similar effect on the epidemiological concordance among the hybridization patterns of the S. aureus outbreak cluster strains was noticed after subtraction of the same DNA probes (Fig.  3b) . Consequently, none of the probes can be discarded from the binary typing system.
DISCUSSION
Whole genomes of bacteria are currently being sequenced at high rates, and information can be derived from analysis and comparison of these chromosomes. Essential paralogous regions as well as narrowly distributed gene families can be identified. The latter groups may be genus, species, or even strain specific. For instance, the genome of Mycoplasma genitalium commits about 5% of its content to a single speciesspecific domain, encoding an adhesin gene (10) . Another type of DNA variability was observed after completion of the Haemophilus influenzae DNA sequence (9) . Repeats in the genes encoding enzymes involved in lipopolysaccharide biosynthesis and iron acquisition and a gene encoding an adhesin display clear heterogeneity (16, 40) . The E. coli genome highlights novel insertion sequence elements, phage remnants, and many DNA fragments of unusual composition, indicating genome plasticity and horizontal gene transfer (5) . Many bacterial virulence genes are found as discrete DNA fragments, present in pathogenic organisms but absent from nonpathogenic members of the same genus or species, e.g., the "pathogenicity islands" of uropathogenic E. coli or enteropathogenic E. coli (14, 23) . Unfortunately, only a single genome sequence of a gram-positive bacterium is known. The B. subtilis genome contains phage-type elements as well, again indicating DNA flexibility (21) . Based on theoretical comparative analysis, many DNA elements contributing to DNA variation can be pinpointed. No experimental studies have been described as yet, however. Practically, the genome variability of S. aureus strains can be visualized on the basis of RAPD analysis and the use of the amplicons thereof as probes. We describe here an approach for isolating species-specific DNA elements for a bacterium for which the whole genome sequence is not in the public domain. The aim of the present study was to validate the use of strain-differentiating DNA probes for the genotyping of S. aureus and to develop a new typing format, providing a simple binary output based on the use of RAPD-generated DNA probes. Such probes can detect sequence variation between genomes without prior knowledge of the target DNA sequence, as has been presented before (45, 46) . We now have extended the number of DNA probes to 15 and have shown the typing system to have a very high index of reproducibility, stability (100%), and discriminatory power (D ϭ 0.998). Hybridization studies revealed that only 12% of the RAPD amplicons, visually selected for uniqueness, exhibited the desired genetic typing characteristics for S. aureus strains. Primer site variation may be the origin of the remaining 88% of the differentiating amplicons. The nature of the DNA probes used in this study remains largely unknown. In one case (probe AW-4) homology with a mobile genetic element, IS257, was found. IS257 is an insertion sequence identified as commonly occurring in staphylococcal plasmids (7) . These plasmids often code for diverse resistance determinants. The investigation of further alignments awaits publication of the whole S. aureus genome sequence.
The locations of the DNA probes on the physical map of S. aureus NCTC 8325 (29) (Fig. 1) and S. aureus NCTC 8325-4, a derivative of 8325 cured of phages P11, P12, and P13 (27) , were determined. Some probes (n ϭ 4) were neither on the physical map of S. aureus NCTC 8325 nor present on the restriction fragments of NCTC 8325-4. The remainder of the probes recognized elements on both genomes, which argues against a putative relationship with the prophage sequences that are present in S. aureus NCTC 8325 but not in S. aureus NCTC 8325-4. Seven probes showed random locations and five clustered together around the 2500-to 2600-kb region of the S. aureus NCTC 8325 genome. These latter probes all share a nucleotide sequence of 80 bp, but the main part of their nucleotide sequence was totally different. It is possible that this DNA region is part of a direct repeat and spacer region, which can be used to generate sequence variation patterns between genomes (44). The location of these probes coincides with that of several potentially variable elements: essential genes for recombination between genomes (recA) or DNA repair (uvr), virulence factors (hla), and diverse Tn551 insertion sites (29) . The probes that hybridized to DNA regions scattered throughout the genome seemed to have no linkage with variable DNA sequences, except for one probe (AW-15) which is located in the vicinity of resistance determinants (mec region), virulence factors (spa), and the origin of replication.
The stability of the binary typing system was evaluated with VOL. 37, 1999 BINARY TYPING OF S. AUREUS sequential isolates recovered from healthy individuals who were shown to be persistent nasal carriers of S. aureus (43) . The persistent carriers were monitored in 1988 and 1995, and similarities of the genotypes among these two sampling periods were determined with binary typing, PFGE, RAPD analysis, coagulase and protein A gene polymorphism, and the absence or presence of the cna gene. All genomic characterization techniques (Table 3) , including the 15 epidemiological markers of the binary typing system, indicated a high degree of genomic stability over the years, except for the spa gene typing (persistent carrier 060). During laboratory storage and replication, mutations and transpositional recombination may occur (6) , and the stability of the epidemiological markers for the staphylococcal genome can be measured by in vitro stability. The in vitro stability of the binary typing system was estimated by comparing the genomes of strains before and after 50 serial passages of strains on culture media. All DNA probes generated identical results after repeated testing (data not shown). The Simpson index of diversity (D) expresses the discriminatory power of a genotyping system (17, 18) . We calculated the D value for binary typing and compared this with the results of other frequently used techniques (Table 4 , PFGE, RAPD analysis, mecA-Tn554 probing). Certain systems, such as PFGE or RAPD analysis with multiple primers, generate complex banding patterns, and the Simpson index was calculated on the basis of the similarity level, defining a genotype (36) . Hunter (18) proposed that the standardized discrimination index determines the discrimination index of a typing method that has a reproducibility of 95%; this is designated D 95 . Both binary typing and PFGE exceed the level of D 95 , and consequently these methods can be used as a single method. Less discriminating systems such as RAPD analysis and mecATn554 probing can be used in combination to obtain a significant D 95 index (18, 33) .
The probability of clonal linkage among epidemic strains determined to be similar by diverse genotyping techniques can be expressed at the level of reproducibility. In fact an application of in vivo stability, i.e., comparison of sequential isolates, recovered along the course of a well-documented outbreak (33) . The whole-genome characterization techniques binary typing, PFGE, and RAPD analysis display adequate reproducibility among the related genomes of the epidemic MRSA strains (Table 5 , clusters V through X). Only the number of repeats within the spa gene remain unstable within genetically related strains, and no concordance is demonstrated for analyzing presence versus absence of specific genes (cna, mecA, mecI, and mecR1). Strains originated from different locations of hospital F (Table 5 , clusters VI and VII) are genetically related, as shown by the genotyping results.
Conclusion and future developments. The binary typing method described herein provides a reproducible, high-resolution molecular typing system strategy that may in the end be preferred over other means of genotyping. This method generates a simply binary output which is to be preferred over the complex banding patterns generated by most other genotyping systems. Furthermore, an important advantage of the binary typing system compared to other genotyping systems is that the system essentially comprises an assay procedure that is amenable to extensive automation and does not require variation in electrophoretic conditions such as voltage, time of run, and temperature, etc. (38, 42) . Moreover, DNA hybridization can be performed by using an enzyme-linked immunosorbent assay-like technique, allowing implementation of this approach in most routine microbiological laboratories. It is theoretically also possible to develop specific DNA probes to determine virulence factors and resistance determinants for additional NR, no restriction sites on the amplicon. i PCR result with cna gene-specific primers is presented before the shill, and the plus or minus after the shill describes the hybridization result with the PCR-generated, cna-specific DNA probe. j Analysis of the so-called X region by PCR. Amplicons were digested with RsaI. The number of direct repeats in this region was determined after electrophoresis. diagnostic information (15) . In principle, this technique can be extrapolated easily to other bacterial species (12) . The binary typing system satisfies the requirements of the accepted performance criteria and promises to become a technically simple and fast library typing system.
